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ABSTRACT 

A simplified method of calculating the performance limits of multi- 
stage thermoelectric devices is presented and the results obtained for 
the multistage devices are compared with those for single-stage devices. 
The results indicate that at present there is little advantage in using 
more than one stage in a thermoelectric generator.  In the case of a 
thermoelectric refrigerator, however, a small feasible multistage device 
should be able to produce temperature reduction about twice as great as 
that obtainable with a single-stage device.  Using presently available 
materials, this corresponds to a maximum temperature reduction approximat- 
ing 1350C for the multistage device.  It is also shown that even if 
materials are substantially improved, it will probably never be feasible 
to construct a thermoelectric refrigerator that can cool to cryogenic 
temperatures while operating from room temperature ambient. 

1.   INTRODUCTION 

A simplified method is presented for calculating the upper limit of 
performance obtainable from a given material or materials when used in a 
multistage thermoelectric device, or, conversely, the minimum material 
quality requirements for a given application.  The basic arguments and 
equations are developed for both thermoelectric refrigerators and generators 
The method of applying these equations for the case of a refrigerator is 
then considered in some detail and some general guides toward the design 
of a practical multistage cooling device are also given. 

The maximum temperature difference.  At   ,  that can be produced 
by a single-stage thermoelectric refrigeratorais given by 

At    = - Zt 2 

max   2   c (ref ly (1 

where t  is the cold junction temperature.   With the use of modern mate- 
rials, this means a temperature reduction of 65° to 75° C can be achieved 
from room ambient temperature.  If a further reduction in temperature is 
required, successive stages of refrigeration can be thermally cascaded. 
In this arrangement, each stage is used to lower the hot Junction temper- 
ature of the one above it (fig. 1).  The top stage extracts a quantity of 
heat,  Qc,  from a load.  Since each stage consumes some electric power, 
w    the quantity of heat it re.ects is greater than vhe   quantity of heat 
it absorbs by this amouht.  In addition, the amount of thermoelectric 
material needed in a stage is approximately proportional to the amount of 
heat to be handled by that stage, so the size of the successive stages is 

*  From reference 1, Z is the thermoelectric figure of merit and is defined 
as 

where d is the Seebeck coefficient, K is the thermal conductivity, and p is 
the electrical resistivity.  The subscripts n and p refer to the semiconduc- 
tor types in each leg of the thermoelectric couples. 



rfi^^rcanTied^oTet;Ca11^   ^ ^^^  ^ ™  that  shown in  iigure  1  can  be  used   to reach any  desired  temperature.     m  practice 

that   it  maiz  it,   +1,«   -F   * u ^■'^-Lge.tdxors.     ßut   it .will   be   shown 

by doing so e  be   POSSible   t0  inCreaSe  e«-iency  significantly 

2-       IJJZMITE-STAGE  THERMOELECTRIC REFRIGERATOR 

t  sin^r  ^r'11^   f0r the  maXimUIn   coeffici^t   of  performance   (cop)   of 

i:tlT:{T\T^1TiC   refrlgerat0r  OPe—  "—^  temperature 

t    sTi + 1/2 z (t   + t ) S 

CO) 

cop    = -S h c'        tr 
i       At     Tp -~—  C (Epf  1) (2) 

■Vl   +  1/2   Z   (tu   +  t   )   +  l 
. h c 

Lh:d:dc^o::raLfithatas
st:gh:.heat extracted by \^ — -e — 

^i^i        ' • (3) 

and where   Z   is  not   a   function  of  temperature. 

Equation   (2)   can  be   rewritten  as 

COPi   =   (^)i   e (2a) 

Where W).  lS,the coP of an ideal or Carnot ref ri terator* and e is a 

differential factor relating it to the cop of an actual refrigerator. 

^~TH-T824  V.L.S. Carnot presented a paplr on the thermal behavior of an 

imi  trthrSf6'- ^  ^^ later eXtended by Kelvi^ Showed t^re is T 
eZL       ^Lil       ^  ^ COefficient of Performance of even an ideal heat engine.  Such a hypothetical devi ^ -(a „--.-. _.i _ ^       „ "OIL 

iiT-CoZ:r:fi:Teons fashion to the camot-Keivmis^rtS e r 
rial  Such'aLn^^r ^^^^  define ^ ^eal thermoelectric mate- 
€  equal to onfP H   ^ ^^  ^^ ^  *     Zt  of ^^  -d an e  equal to one, and would give ,Carnot performance in any application 
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The value of e     therefore ranges from'O to 1.  The value of  e  is a max- 
imum when At  equals zero for any given value of  Z "and T,  This value 
e  is 
o 

N/ 1 + Zf - 1 

\l    1    +   Zt   r 1 

Therefore, an actual single-stage thermoelectric refrigerator most closely 
approximates a Carnot refrigerator when operating over a very small tem- 
perature interval. 

It can be shown (ref 2) that the overall COP of a cascade of Carnot 
refrigerators is dependent only on the overall temperature covered and not 
on the number of stages.  It is, therefore, reasonable to expect that the 
highest overall COP attainable from a chain of actual refrigerators cover- 
ing a given .temperature interval occurs when each one spans a vanishingly 
small temperature interval.  This is verified in reference 3. 

Equation (2a) for small At  can now be rewritten as 

q   t_ 
w = Af o  ' (-2b> 

Since, when At  approaches 0,  q  is very much larger than  w  and 
qh ~: qc ^ W'  In going to the limlt of small At we get 

q„ - Q ^ q, , t  -. t - t,  ; w -. dq and At - dt . . c        n    c        h 

Equation (2b) can be written as 

q   t dq   dt 
^ = « eo     0r     eo ^ = T     ' (2C;; 

Integrating this as follows: 

dq      f  h  d- eo f  T = ' ~-   > /5; 
I 

where  Qc  is the amount of hear entering at the cold end of the cas- 
cade and  O  the amount leaving at the hot end,  T  is the temperature 
at which  Q^  is absorbed,  and T  is the temperature ar which  Q  is 
rejected.   Then h 

r 

c       c 



This is valid for a range of temperature through which e ' is sensibly 
constant.  Taking antilogs of both sides we get 

%      /"rh\1/£o 

and 

Q  + W = Q   where  W r::  S w. ^ 
i 

QH  Q^ + W      1   XT \ !/eo 

Qc ~  Qc       
r COP ■ V T. / Ual 

where COP is defined as 

Q 

and finally 

cop = r ' ■   (7b) 

COP.  -      ^ ,s: 

V. 
i 

3. INFINITE-STAGE   THERMOELECTRIC  GENERATOR 

« 
A similar derivation can be made for a cascadt- of tnermoelectric 

generators as follows: 

., \/l + 1/2 Z (t* t ) - 1 
T,  At he' 
!| - - ^—     (ref 1)     (9) 

h ^1 - 1/2 Z (r  + t ) + — 
h    c 

n 

where  T|  is the single-stage efficiency.  For small At 

_   At s/l 4. zt - 1 
^ = "r-_^=—— do) 

^y 1 + Zt f 1 

which we write as 

to v-^1- 

*  Another approach and derivation of equation (8) may be found in reference 3. 

/ 

10 



Proceeding as above^ we insert the definition of J], 

w  At 

q t eo ' (12) 

since  T|  is defined as the ratio of the amount of work produced to 
the heat entering the stage.  Then, in the limit as At approaches 
zero, we have 

dq _    dt 
q    o t 

Integrating as before, 

f   h 
&1 _        f    dt 
q     eo^T      t    ' 

c 
we get 

T, \eo 

Taking antilogs of both sides, 

e 

then 

where 
H     =    ^L. 

%   ' 

giving , , e      * 

(13) 

(14) 

"Q)"1»^/-- 

^ = U;   or [\)'{\) ■    .    a6) 

Q
c Qh  - W / Tc\£o 

(16b} 

T^ J " (17) 
ns 

*  Another approach and derivation of equation (17) are found in refer- 
ences 3 and 4. 

11 



e  is 
i 

Equation (17) Is valid over a temperature range in which 
approximately constant.  If  e  varies slightly over this range0 an 
average value of  s^ will give results accurate enough for most'pur- 
poses.  Throughout a-rather wide temperature rang* extending up from 
normal room temperature, the values of  e  obtained with the best cur- 
rently available materials have tended to0cluster around 0,17 (or Zt - 1) 
Figure 3 is a plot of maximum efficiency'obtainable .with material of this 
quality.  Curves are plotted for a ere-stage generator using equation (9) 
for a two-stage generator using equation  (9) with  T) equal in both stages 
and for an infinite-stage generator using equation (17;.  At Present, thermo- 
I     .onno  materials o£   reasonable quality are available only up to about 1000° 
to i^Uü K, %o the advantage of multiple staging in thermoelectric generators 
is marginal since there will invariably be some loss between stages. 

NOTE: The cigmficance cf equations .7) and (16) is shown graph- 
ically in tigure 4.  The quantity of heat flowing in an -nfini+e- 
stage thermoelectric cascade is sifown as a function of temperature. 
The results are compared with that obtained for Carnot devices. " 
The heat flux for ßakh  curve*is arbitrarily equalized at T 

o 

4.         CAIXlJLATIONS_OF_CO^F^CIENTS   OF   PERFORMANCE  WITH   e   ' A  FUNCTION  O^ 
TEMPERATURE • "  

as 
If  e

0  ^ 
a function of temperature, equation (5) can be rewritten 

Q, T T . T 

f %    1   f   dt    1  f 2 dt '        l • r a  d^ 
J-q -r^ J, T + ir-2     T- ••'+—J    t (18) 

Q T 0  T 0n T on- T 
n~l 

w ere  T  (-To) , T , T^,   T     ... T  . .. T  (=T ) are the boundaries of n.« 
temperature regions over wKich' e:   can Be aonsldered sensibly constOTT^T 

+ u
eolVeo2'- eo3 ••• eoi--- eoa-  6ecause of ^e difficulty    ... 

unng..thermal conductivity accurately, present measurement techniques 
rarely permit the determination of  e,  more accurately than ± 10*percent 
and  eo  is not usually ä rapid function of temperature.  Therefore  the 
temperature intervals  T. to T,,   can "be of considerable size, if the 
value of e used is a reasonable ayerace of    for th« ^.-nr^-K-af,,-^ 
interval without significantly decreasin 
Carrying out the integration, we get 

reasonable average of  e  for the temperature 
* o 

ne accuracy of the results. 

, T 
Q-    :   ^^ol    LI1  T" •...+-—  In -£—     (19) in ^ =■   1/e   ,   in -i   , -i- ln  I2 

c ■ c        "o2 on n-I 

Qh  f 'i i  oy JL2 \  oa     / \  \ ■ "on 

12 
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Figure 4.  Heat flux in infinite-stage thermoelectric 
devices compared with the equivalent Carnot 
devices. 
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COP =  = ■ -i  r9,. 
Q /    \l/e c- ^ 

Q^ ~ 1 w1    'n 

\  T i 

a.! 

An important advantage of the form of equation (20) is that, when the 
value of Qh/Q  has been computed for an interval T - T ,  the value 

some intermediate temperatures are known as well,.  It is, therefore  possi- 
ble to plot the minimum value of Q/Q  (or the maximum value of COP) as 
a function of interval size if either CT  or T  is fixed 

h      c 

5.   AN ILLUSTRATIVE CALCULATION OF OOP WITH A VARIABLE eo 

The thermoelectric properties of useful thermoelectric materials are 
usually giver, in terms of Z.  Reference 5 gives  Z as a function of tem- 

perature for many Important materials.  For simplicity, the following exam- 
ple will be performed on a hypothetical material or sequence of materials 
e"ach employed» in a specific temperature range (ref 6). 

This  material will be postulated to have a value of Z = 3 x 10~3. Oc"1 

over a temperature interval from room ambient (300OK) down (ref 5).   For 
the temperature range from 200° to 300° E, this assumes a material about as 
good as the best.presently available.  Below 200oK, the-assumption becomes 
progressively more futuristic". 

Equation (20) can be modified as follows to reduce the amount of compu- 
tation.  /The ratio T./T.^  can be kept constant at some yalue R chosen so 
that 

^T = R * (22] 
c 

Then equation (20) can be rewritten as 

i=:n 

Q" - ^ >  ■ (22a) 
« 

The ratio  R must be small enough so that the limits stated on 
the variation of  €o during an interval will hold throughout"; 

Since  Z  is known as a function of temperature;, the first numerical 
step will be to compute  l/e0 as a function of temperature, using equa- 
tion (4); the results are shown in figure 5,  Figure 5 can be interpreted 
as showing the relative quality of a Carnot refrigerator compared'with a 
thermoelectric refrigerator at each temperature. 

*  Note that the method presented can be applied for Z any reasonable 
function of temperature. 

15 
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If we select an R of 1.25, € .win not vary excessively durir* 
any one interval down to about 50° g.  This will give  n a value of'8 
for the temperature range fro. 300° down to 50° K.  The limiting values 
of T  for the intervals and the corresponding values of  l/e  Le shown in table 1. t,       UJ.  i/t^  are 

Table 1.  The Values of Temperature Intervals (T. ) and the Corre^- 

sponding Values of ^ at Specified Temperatures 

Degrees (K) 

'-T. 

i 

300 

240 

192 

154- 

123 

98 

79 

63 

50 

Geometric mean of the 
temperatures 

*  The geometric 

268 

214 

172 

137 

110 

88 

■70 

56 

l/e 

6.7 

7.8 

9.3 

11.4 

14.0 

16.6 

20.4 

25.4 

mean of the temperature interval is defined as 

T mean = «^ T ' T 
' i   i-1 * ;    * a ' 

17 



Substituting the values in equation (22a) gives 

% ,-.   __.111.6 10 
(1.25)       = 6,7 x 10 

The  values for cooling to the intermediate temoeratures are plotted 
in figure 6,     Th  is kept fixed at 300° 1 while     T  takes the values'' 
shown.  The solution is shown in terns of  Q /Q . CFrom equation (7a) we 
see that, for values of  ^/Q^  much greateAhan one, this equals W/Q 
which is the amount of electric power that must be supplied per amount c 

of heat removed.  Two important points about the form of dependence should 
be noticed.  First, that fcr temperatures below 100° K the value of  Q /Q 
rapidly becomes sc large as to preclude the possibilities of cooling to C 

this temperature region with any reasonable size device.     Secondly "-he 
amount of power needed to cool a small dev: ce to 200° E is comrara-cively 

For comparison^the same calculation was repeated with n equal foe 

4and>R equal« to 1..56. The results .of this calculation are also shown 
Tne close agreement obtained for the different values of n indicates 
that selecting rhe value of ^ at the geometric mean of the temperature 
interval is a good method ef averaging jvhen :;here i« a moderate cha-gp of 
eo during the interval. Q/Q for a singfe-stage cooler is also plotted 
for comparison, using equation (2), 

The significance of figure 6 is, more readily apparent if ifis used 
to calculate the minimum power required to remove 50 mw of fieat (a reason- 
able value for cooling a small infrared cell) as a function of  T  when" 
T^ 'is fixed at 300° E.  The results of this calculation are shOTg in 
figure 7.  The low power consumption down to 200° K followed by a rapid in- 
crease in power consumption below that is easily seen.  The equivalent 
curves for some other values of Z are shown also,. 

The general form of the results shown in figures 6 an'd 7 is not greatly 
affected by any reasonable temperature dependence of  e ■ This has been 
verified for dependence of the type  Z = Ta,  where  a 0has values from +2 
to -2 . 

The specific values of temperature and power, however,' are functions 
of  eo-  A ,low temperature limit for a -feasible thermoelectric refrigera- 
tor might be approximated as'the value .of T  which will give a COP of 
0.01 in equation (21).  The results of this assumption are shown in figure 
,8.  The lowest temperature obtainable in a.single-stage device feq 1) is 
shown for comparison.  An actual multistage device operating as indicated 
by figure 8 would, of course, have a COF less than 0.01, since it should be 
remembered that the calculations performed here are highly idealized     No 
account has been taken of electrical contact resistance or thermal impedance 
between stages.  In addition, heat leakage through the insulation will be 

18 
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Heat leakage and contact resistance will result in effectively lower- 

he value of e   The result of thermalimpedance between stages wlL 
i xncrease in the effective value of the ratio R  so that 

T 
n     h R  > ~ 

T 
c 

The   effective  value  of     R     and     £        can  be   inserted   in  equation   (20) 

on  s   paerLeeS;::   ^eT"  &l   ^^ ^^ ™  ^ ^ToTtlT' loss   parameters,    the   temperature   reductions   shown  in  figures   5  and  6  will 
be   reduced  approximately   10   to   30  percent   in  most   cases 

6 .        PRACTICAL APPROjOMATlON  TO  INFINITE  STAGING 

reauirefbv  AfT   T*   ^ ^^   temPeratu-  difference   the  power 
required  by  a  single   stage   approaches   that   of   an   infinite  cascade        In 

Sfore  lorTt111  ^T* '  ^  repl0tted  t0 better austräte "hi  *      ' 
-ra^^^vfL^rrriO-^  o^Cti0n  0f   leSS   th-  250  -  30O,8C  from  300°  K 

%\ ~    f* 
c/ 

oo   stage '     -- -    1- stage 
q J (23) 1 c ' 

This is equivalent to  e  - e  for this temperature interval  \f a " 
f nxte cascade is now copstrugted over a large temperature intlrval. each 
stage of which obeys equation (23) the resulting COP will closelv an™ 
imate that for an infinite cascade over that interval    Since 

(24) 

oo 

by usinrZ "ITfl   l^  ""T ^ the l0SS Paramet- -Sht be approximated 
'ater 3 2ere     TTs  x^o" ^-x2"  ^ -a.ple, a device built with 

■ Zl   Z ^ is 3 x 10    0 x over the temperature interval covered 
might have a performance approximating that shown for Z - 2 x lO"^^ 
m figure 7. ^ 
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V 
^ finite 

(25) 

and 

(25a) 

Qv 

OQ inite 

[26) 

Equation (26) is true even for a small, number cf stages n, provided 
the temperature differential per stage is moderate..  As a matter of 
fact^ the approximation breaks down if the total temperature differ- 
ential is extended too greatly by an excessive number of stages; even 
if each has only a moderate temperature differential. 

Figure 10 shows the relationship between the coefficients of per- 
formance and the temperature differences both for single and infinite 
stages.  (Reference 7 gives a calculation for t'he special case .of  Zt 
and  e  equal to zero.)  The temperature difference is expressed in o 
terms of the maximum obtainable with a single-stage cooler, cooling 
down from a fixed temperature  t. ,  This value is given by 

Z t. c^z 1 
+ 1/2 

At 

If  Z  is a strong function of temperature, an average value of  Z 
must be used, since the exact relationships are somewhat dependent on 
the value of  Z t or e 

o„ 
6  =0,17  and. Z t = 0 or  e  =0. 
o o 
parameters give intermediate results, 

The relationships are shown for Z t - 1 
Intermediate values of thesi 
Tne resul for a Carnot refrig- 

erator,  Z t  equal to infinity, is shown for comparison.  From this, 
it can be seen that the temperature intervals covered by each stage of 
a finite cascade can be about 0.4 At     and still approximately sat- 
isfy the relationship given in equation (23).  'The value of 0,4 At 
must be recalculated for each stage, using ixs own hot junction temper- 
ature . 

If this approximation is applied to the limits of feasibility- 
assumed in figure 8, it appears that it would never be desirable to con- 
struct a device with more than about six stages, even without considering 
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r-  CARNOT {ZT"00) 

ZT= I   INFINITE   STAGE 

INFINITE   STAGE 

Figure 10. 
AT MAX. 

The maximum value of the coefficient of performance that can 
be obtained with single-aadiinfinite-stage refrigerator shown 
as a function of the parameter AT/ATmSY. 
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constructional complexities,,  The increase in power requirement to make 
each stage  1/2 At    is not excessive if there are not too many stages. 
This would have the'advantage of approximately maximizing the amount of 
heat removed per unit of material when equation. (2) is satisfied.  (This 
is derived by approximating equa*ior 17 from page 99 of reference 1. as 

1 
max 

I  = Tr At, then inserting this value of  I  In equation 9. -cage 97 o  At o , . B  ■ 
max 

and maximizing Q as a function of  At.) 

Figure 9 can also be used to approximate the ratio of heat removal 
capacity from stage to stage needed in a finite cascade.  Using the 
relationship 

! ... J_ = Jl x 
cop   q 

for At's  equal to  0.4 to 0,5 At r     gives a value for q,/q  of 2.0 to 3.0. 
Since the rejected heat of each stage is th« inrut to the next stage 
this is also the ratio of heat removal capacity needed.  If the material 
parameters are net a rapid function of temperature, the amount of material 
needed in successive stages will have nearly the same ratio providing the 
length of the elements is kept constant. 

7. " SUMMARY & CONCLUSION 

An easily applied method for calculating the maximum performance 
obtainable from thermoelectric devices has been presented.  The maximum 
performance is obtained by the use of infinite staging.  It was shown, 
however, that performance closely approximating that obtainable by-Infin- 
ite staging can be achieved by the use of a small number of stages: one 
or. at most, two in the case of a generator and several in the case of a 
refrigerator. 

The application of infinite-staging analysis to a thermoelectric 
generator results in no significant new results compared with the con- 
ventional single-stage analysis.  In the case of-a thermoelectric refrig- 
erator ; however, results are developed that are important in the design 
of a practical device.  These are: 

(1) For temperature differences up to 0.4 of that obtainable with 
a single-stage device (24 to 30° C at present), a single-stage device 
will have a coefficient of performance closely approximating that of a 
multistage device. 

(2) While, in principle, a multistage device •could "be designed to 
produce nearly any temperature reduction desired, in practice,- it Will 
be extremely difficult to build one that can produce twice the reduction 
obtainable with a single-stage unit.  When present day "materials are em- 
ployed, this corresponds to a maximum temperature reduction of about • 
135° C. ' •   ' 

26 .'"•. 
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(3)  Even allowing for major advances in material quality (let us 
say to  Z = 10 x 10 ),   it does not seem probable that a thermoelectric 
device that could produce cryogenic temperature would be feasible. 

8    REFERENCES 

1. "Semiconductor Thermoelements and Thermoelectric Cooling/' 
A. F. Joffee^, Infosearch Limited^ London, 1956 

2. "Heat and Thermodynamics," Mark W. Zemansky, McGräw Eill  New 
Yo^k, N. Y.,   1951,   Chapter 9. 

3. "Calculation of Efficiency of Thermoelectric Devices/' B. 
Sherman, R. R. Herkes and R. W. Ure7 Jr., Journal of Applied Physics 
Vol 31; No. 1; January 1961. ~ _   — ~^ 

4. "The Impact of Thermoelectricity Upon Science and Technology/" 
C. Zener (published in Thermoelectricity, edited by Paul Henry Egli) 
John Wiley & Sons, New York, N. Y., 1960. 

5. "Status Report on Thermoelectricity," J. W. Davissen, J. Pas- 
ternak, Naval Research Laboratory Memorandum, Report No. 1089 (and other^; 

6. DOFL Report TR-946, "Low-Temperature Thermoelectric Cooling," 
I. I. Sochard (to be published at a later date). 

7. "On the Theory of the Peltier Heat Pump," E. S. Rittner, 
Journal of Applied Physics, Vol 30, No. 5; May 1959. 

27 



DISTRIBUTION 

Office of the Director of Defense Research & Engineering 
The Pentagon, Washington 25,  D. C. 

Attn:  Director of Electronics 
Attn:  Ass't Director of Research &, Engineering 

(Air Defense) 
Attn:  Technical Library (rm 3E1065) - 2 copies 

Department of the Army 
Office of the Chief of Ordnance 
The Pentagon, Washington 25,   D. C. 

Attn:  ORDTN (Nuclear & Special Components Br) 
Attn:  ORDTU (GM Systems Br) 
Attn:  ORDTB (Research Br) 
Attn:  ORDTB-FL, John Crellin 

Director, Army Research Office 
Office of the Chief of Research & Development 
Department of the Army 
Washington 25,   D. C. 

Director, Developments 
Office of the Chief of Research & Development 
Department of the Army 
Washington-25, B. C. 

Commanding General 
U. S. Army Ordnance Missile Command 
Redstone Arsenal, Alabama 

Attn." ORDXM-R (Ass't Chief of Staff for R&D) 

Commanding General 
Army Ballistic Missile Agency 
Redstone Arsenal, Alabama 

Attn:  Technical Documents Library 

Commanding General 
Army Rocket & Guided Missile Agency 
Redstone Arsenal, Alabama 

Attn:  ORDXR-R, Hugh Camp (R & D Div) 

Commanding General 
Frankford Arsenal 
Philadelphia 37, Pennsylvania 

Attn:  Chief, Research Div (Pitman-Dunn) 
Attn:  Reference Librarian 

Commanding General 
Aberdeen Proving Ground, Maryland 

Attn:  ORDBG-LM, Tech Library (Bldg 313) - 2 copies 

29 



DISTRIBUTION (Cont'd) 

Commanding Officer 
Picatinny Arsenal 
Dover,, New Jersey 

Attn:  Feltman Research & Engineering Laboratories 
Attn:  Library 

Commanding Officer 
Chemical Warfare Laboratories 
Army Chemical Center, Maryland 

Attn;   Librarian^ Tech Library (Bldg 330) 

Commanding Of f icer 

ü. S. Army   Signal Research & Development Laboratory 
Fort Monmouth, Ne'F Jersey 

Ai'cn:  Elentror.ic Components Research Dept 
Attn •',"*-   *: n I 

Commanding Officer 
Ordnance Materials Research Office 
Watertown Arsenal 
Watertown^ Mass, 

Attn:  Director's Office. 

"Commanding Officer 
U S. Army, Office of Ordnance Research 
Box Cm, Duke Station 
Durham, North Carolina 

Commanding Officer 
U.S. Army Signal Electronics Research Unit 
P. O. Box 205,, Mountain View, California 

Attn:  SIGRU 

Commanding General 

Engineer Research & Development Laboratories 
U. S. Army 
Fort Belvoir, Virginia 

Attn:  Tech Documents Center 

Commanding Officer 
Camp Detrick 
Frederick, Maryland ' 

The Surgeon General 
U, S. Army 
Washington 25, D. C. 

Attn?  Research & Development Div 

30 



DISTRIBUTION (Cont'd) 

Departmoi t of the Navy 
U- S. Army 
Washington 25,   D. C. 

Attn:  Research & Development Div 

Department of the Navy 
Washington 25,   D, C. 

Attn:  Chief, Office of Naval Research (Bldg T--3) 

Commander 
U. S. Naval Ordnance Laboratory 
Corona, California 

Attn:  Documents Librarian 

Commander 
U. S. Naval Ordnance Laboratory 
White Oak, Silver Spring 19, Maryland 

Attn.  Tech Library 

Department of the Navy 
Bureau of Naval Weapons 
Washington 25,   D. C. 

Attn:  DLI-3, Tech Library 

Commander 
Naval Research Laboratory 
Washington 25,   D. C. 

Attn:  Solid-State Electronics Br, S  Pauli 
Tech Library 

Chief, Energy Conservation Branch, Br J. Wilson (Code 5230) 
Chief, Crystals Branch, Paul Egli (Code 6430) 

Department of the Air Force 
Deputy Chief of Staff for Development 
The Pentagon, Washington 25, D. C. 

Attn:  Director of Research & Development-DSD 

Air Force Cambridge Research Laboratories 
Bedford, Mass 

Attn   R. Roberts 

Components & Techniques Laboratory 
Air Research & Development Center 
Bedford, Mass 

Attn:  E. Czerlinsky 

Commander 
Aeronautical Systems Div 
Wright-Patterson Air Force Base, Ohio 

Attn:  WCLTYT, J. I. Wittebort 
Attn;  WWRNEM, Max Dialer 

Attn 
Attn 
Attn 

31 



DISTRIBUTION   (Cont'd) 

Cotnmande r 
Arned Services Technical Information Agency 
Arlington Hall Station 
Arlington 12;; Virginia 

Atta: .TIPDR (10 copies) 

National Aeronautics & Space Administration 
1520 H Street, N. W, 
Washington 25. D. C. 

Attns  Div of Research Information 

National Security Agency- 
Fort Serge Go Meade^ Maryland 

Attn;  T. A. Prugh 

U.S. Library ei Ccngresg 
Washington 25, D. C. 

Attn:  Science & Technology Div 

National Bureau of Standards 
Washington 25; D. C 

Attn:  Library 

Boulder Laboratories 
National Bureau of Standards 
Boulder, Colorado 

Attn:  Lib-ary 

U.S. Atomic Energy Commission 
Washington 25, D. C. 

Attn:  Tech Reports Library 

Director, Advanced Research Projects Agency 
Washington 25, D. C. 

Attn:  Chief, Tech Operations Div 

Infrared Information & Analysis Center 
Willow Run Research Center 
University of Michigan 
Arn Arber, Michigan 

Attn:  William L. Wolfe 

Ministry of Supply Staff 
British Joint Services Mission 
3100 Massachusetts Avenue, N. W. 
Washington 8, D, C. 

Attn:  Reports Officer (2 copies) 
Thru:  Office, Chief of Ordnance, The Pentagon' 

Attn:  ORDTN 

32 



DISTRIBUTION (Cont'd) 

Office^ Chief of Ordnance 
The Pentagon^ Washington 25,   D. C. 

Attn:  ORDTP, Canadian Army Liaison Officer (2 copies) 

Defence Research Member 
Canadian Joint Staff 
2450 Massachusetts Avenue^ N.W. 
Washington 8^ D. C. 

Thru:  Office, Chief of Ordnance, The Pentagon ». .. 
Attn: ORDTN (2 copies) 

Department of the Navy 
Bureau of Ships 
Washington 25,  D. C. 

Attn:  3. B. Rosenbaum (Cede 342-B; Rm 3203 
Attn:  Lt. Commander F. W. Riders (Code 350), Rm 3018 
Attn;  A. F. Philips (Code 431), Rm 4643) 

Attn-  Chief Engineer, R&D Electronics, Charles L. Stec (Code 670 B-l) 
Rm 3303 

Internal Distribution 

Hlnman, W. S., Jr./McEvoy, R. W. 

Apstein, M./Gerwin, H  L,/Guarino, P. A./Kalmus, H. P 
Fong, L. B  C./Schwenk, C. C. 

Hardin, C. D., Lab 100 
Horton, B. M., Lab 200 
Rotkin, I,, Lab 300 
Landis, P. E./Tuccinardi, T. E., Lab 400 
Hatcher, R. D., Lab 500 
Flyer, I. N., Lab 600 
Campagna, J. H./Apolenis, C. J.,   Diy 700 
DeMasi, R.^ Div 800 
Franklin, P. J.,/Horsey, E. F., Lab 900 
Seaton, J. W./260 ! 
Sochard, I./330 
Ravitsky, C./310 
Hebb, E./920 
Sann, K./100 
Goodrich, R. B./330 (30 copies) 
Doctor, N./920 
Technical Reports Unit/800 (3 copies) 
Technical Information Office/010 (10 copies) 
DOFL Library (5 copies) 

(Two pages of abstract cards follow.) 

33 



f 1 
0   M    ! 
ß    0)    3 
S   U    O 

I  T3 ja 
a c  u 

J5   >   rt 0          « 0) 

■o Li   +J   «H 0 

a su 
M  Ü    0 
n t* 
+J     M    -O 
in  *J   0 C              -A 
♦1   Ü  X] ■H   <D    3 o 

♦J       m o i- ui 

ü  3   t   -a j; 
;JJ E 

i u  o 

t -a ft  a      —i 

3   V  ZZ   '-i    at   U   V 

s   a)  i-   a. 3 +> 

Q)    OJ    0)    0   0)   3 
ä  ho w ö & s 

H   y 

1 

3 9 
O -r; 
p. O   K 

M 
P 

S S 

(£  Q 

si 

x: > M 0 
4! U ■H r 

'O <M n s, U O R n 0 

VI n 
4J T. w 
U) *J C -^ J 

3    A)   S   -4    t^    tt    U 

+J   o  d -a 
<nO-^E>>üt3 

art   i   (üoiü-uajx «g 

Q)  ■-<    dl    hß  n)    nj 

u) w io  at u) 

r-4    4|   *H    0)   ' ■l-*   -H   TJ    3   4-"   x:     Ul 

«       o   d 

ij       C        i)      4- 

w x: ;j V g.-s n n ~J rfl 
-■ 

1> ij n w 
-j li It oi   rt IH 

ja ',.' E A Si r r- 
Ul 2 8 

O    t-» U 11 
■ O     H * -C ^ 3    S C) ■*-! 

■a ■> O 
■n ■>-> 0    0) d iO tn 0 rj 
(i) Rl m w 

■1 « «i J-) 
4- ■■H o  e -. 

.J -^ 1» n 
0 0 ^ c u 4-> D 4-) 

-1 rH   U IH 
(1) J-J 

cd n 
A d U -n y 

u a? « g r^ o "-; 
in r. 
0) ■a u fj +J 3) a 01 m n 
u t) ■a a 
-H u ^  m "i m .' rj r-< D   aj ed IH 

v in x: Oi 0 ti p (11 n 
■o +J Ü Ä   w ■H 0 c3 > « 

O      IH      OJ      3      0) 
0)   OJ   i-   n   ü 

3    C    >,   tU    fc. 

ui   O   41   u   m 

v   o   a»   d  x:   3 
<   tf)  «H  -o   w   *J   E 

ft) 3 m CX G 

*->   be m w -H -^i 
3   d a -H ? t< 
0   -H B "M 
xi  'Ji a) 4-> ^J ii> 

■w   m  *J   d   o   (U 
u   u   «   0 ■"   t* 

-«    tJ    w    H 
TJ O    a    tC   IH 

O-   3   t-»    bi -^ 

o  n  Q a  3 

0 in I 
H * 3 
M U Ü 
ffi .H H 

w   Q 

4J    O 
y. o 
C   CM 

c-   X! 3   O 

o 

w   ^-< 

S    M 

el 

ECU 
C to 3 
O in 

"M    in 

■H  TJ    ho   > 'y  a   CJ -o 
c   u   3 4) 

>    >    Ü 
in MQt<H>i-IOOT(M 

a)~t^j<HUT3d        P.-PQ, 
-r -ij rt       3       eosuo 
äß ■(->   (-.,-<   T3    flJ bfl -H   0 
d-r^oHO/bönlpJ r-iU) 

0)   E ■wOm 
—'        m   M in a;   in  -tJ 
3    1H   ■-( L,     - 
in   o        CJ ri D 

U ^ a 

a 

E   d   4-1   o 
a       (UüWIH^CO       d       t* 
U    Owx^Ü'U    CJ-'-fP-Ü+^iti    3 
C^:0-Ma)>O.(ninFd[n        4J 

tu  =i 
■D        c   o   " 
d x:   oj  ^ 

0)   4J Xi -M 
■H .3 U M 
M  h » S d 
oo EH a 

3   S   ifi  U»   ra 
■a       .HO 
O   c;   x:  in   in 

d 

o;a*j.«tao c n   bfli- 
M y  S  d       .H  *.. ._, ^-i   c   tu 
dD.cx:o" W - 

■H                O     --1      hfl  "M      O 4-> 

O    (D    E 

-M   d  ü   C 

,    tn 

'■    V    K    B    O 
•  £  x:        L-   d 
j        ^   oi   a tp 

a   m   -   ü   o 

to in   In   o   o 
D   >  ■*->  w   d 

'S   d   >, d   ^ 
-, T3    &   r-4  ia    Ö 

.S E 
:    O    bß 

Oi O CJ 
i   u in ii O 
0 ■-' O 3 W 
:     > tn +J rH 
■  ^ 0. d (d 

3   d 
Vt 

oo -r-15, 4-'PCa,T><3MB 

»J      IH    "D      bD   - 
in  *J   o   d 

<t   m m -a -w +J   E 

•D    I 

*J 71 U d rt IH V 
41 O - 

tn 1 
CJ R( u ifl 11 

n 

E (II u. a 3 hf 
! 1 

0) 11 

1^ t'J- tr. m 

o 

o 

1-1   I- 

3 5 

*" o 
X o 
41 w 

PS 

S I 

'M   X3   -^    «J    rj 
O    O    CD  v    IH   , 

d x;   0  ■!-»  ai   > 

0 U rd 
L. ■-.. *-> n 

w 
u 
3 4) 

en V r 
u d n 

K 
1) M 

a  4J s  u  o 

3 -M x:  w 

+J ^ -P   rt 

IH 1)     W      CJ    "H 

x:   ^   3   5   in O 

■»J   a 

a>   c   oi  4->  d   d   t-i , 

D-^-H   boo   d   w   bßi- 

d   a 0 x:   a)   tn 
■H    r-ä     d     4)    41     0 

.U -u be "H 4) P 
d 4> f-" B 
*->   ^ xi   o   a;   B 

u        w   d   K 
1  "M    B    O   *J 

n   M       ^   u   in ■ 
a m ©  o JD 
a > 3   o   s 

rfl 
T) 

Ci 3 

rt £ 

d    4>   -H    M  ^   d    (U 

tndd-HÄous 

o       -H x: 

M e A M at v «-> 
OÄUbfl SCS^rt 
H ♦* -^       >, -o   S H ia 

>   ifl -H   fi   o .o ■»-» 
4>bfldirdwC(j3rt 
p c      -ö       d       n ja IH 
H-H<H 4)4)4) OO 

ino«)0!fl^ot.+j 
3 i>0H4l3iflO.rt 

&    d    >    (4   -t->   i-H Li 
v)do)*j+jQ.ajd'-ta) 

m   rt   L,   >   tß  i  .-! 
*J   O   4)   d X   3 

<   m "H -a  w  *J   B 

^3 

es 

ß   Ü    3   -rt   S 

Ootß-MtH^-aii 

Li    Q) 
. -p   a. 

y   c 

■d c m s. ■H P c- 
111 tn m ■■: 

/r. 

111 1) rt ^ 
a 0 O +J u u 
4> . J3 0 0 '•• tt «M ^ ■■■ -. -H 

Sj-a^tHXl^ssinOdd+J 
a-o^a^o-o       -HO 0 

+; TT vJ   0   4)   Ä  <n   m   u   u 

U    >    U    G 

o a) yi x; oi 0 
u Ti v -w o x: 

■a -H -4 g m 
O h 4i 3 4) H 
ja -M hß in H 4) 4) 
■P Cj M 0) O Ä " 
4) D -w C B *» ■ 

S    4) ^ TJ 
-    bfl  0 C 01 M c 

■« rt n 
b£ <H    il) 4-J 

a 4) »H a M 

0 ■r *> ■H  «M 
^J 

W   H   m 
d   s-  ^ ^ B 2   r 

ill a 0 
U   'D 

'H  d o  c 

a 4J 

M     r-t ^ 

>   i/j   .-i   4>   O   Xi 

inO0>Uift^OM 

d L, > ;...■ 4) ^ n ■ ..; M 

1 ' 
41 (Tl X! 3 X) ;n ■■■ 

^ ^ B d D -U 
M 

iM 



äj ffl h M   w ^-i c 
h 

0) 
u <-» SR^ 

■H     0 
p CO " n «    0)   -»J 

b gd ■ ^ *- ■M 

I - O   c 
i 

H   O 
ID   Q 

o 
u -a » W   0 

0 
1-1 ■P 

H a w 
J-i 
V 

2     «s o t-: a. 3 „ E in ■■:: s .^ ^ P 
■»-> !|1 Q  J= 

M 

'^S 5 ^H 10 
^ E   -P > si ä 

fl 
PJ    fH b 3 

H 
tn   o ■]< 

Q>   4) 

^ 
01 U   +. 

^J ei ';: i, 
u ^8 at. 01 <-> Si 

n 

fcs m 
■J to .c ■J ta   Qj +* +J 


